Introduction
Since the early description of the parallel processing of visual information, the underlying mechanisms within different visual pathways remain unexplored [1] . Subcortical structures of the visual pathways used to be regarded as passive first-order relay stations for sensory information en route to higher level processing in the cerebral cortex. Physiological and theoretical studies have proposed the existence of higher-order thalamic relay structures, that may actively participate, together with their appropriate visual and associative cortical areas, in the bidirectional (thalamo-cortical and corticothalamic) processing of sensory information [2] [3] [4] .
Morphological and physiological studies have identified separate geniculate and extrageniculate visual systems in the feline brain [5] . Beside the lateral geniculate nucleus, several subcortical structures have been found that receive afferents directly from the retina. Of these structures, the superior colliculus (SC), the neurons of that are the origin of the ascending tectofugal extrastriatal pathway, has attracted the most research interest during the last decades [6] . The SC is a multilayered structure of the mammalian midbrain, that plays an important role in visually guided behavior and is involved in the orienting response of the head and the eyes toward an object of interest of any modality [7] . The superficial layers consisting of the stratum griseum superficiale and the stratum opticum of the SC receive direct retinal input [8, 9] and also afferentation from the primary visual cortex [10, 11] . They project upon the lateral geniculate nucleus, the lateral posterior pulvinar complex (LP-Pul) and the pretectum [12] [13] [14] . The intermediate and deep SC layers (i.e. the layers under the stratum opticum) receive strong input from the associative cortical areas [13] and project to the medial LP-Pul of the visual thalamus and the suprageniculate nucleus (Sg) of the posterior thalamus [14, 15] . Furthermore, the tecto-suprageniculate nucleus pathway transmits complex information containing both sensory and motor components toward the basal ganglia, supporting the integrative function of the latter. Beside the strong physiological similarities between the CN and the suprageniculate nucleus of the postreior thalamus, there is clear anatomical evidence on a direct thalamo-striatal pathway in the mammalian brain [16] .
Geniculo-striate visual system is specialized for the detection of detailed visual information (i.e. shape, size, 3 dimensional extent, color) whereas the ascending tectofugal visual system isinvolved in the detection of dynamic visual information [17] [18] [19] . The classical visual receptive field properties and the neuronal coding of spatial visual information of the geniculo-striate and the ascending tectofugal systems are different. The major differences are the existence of a retinotopic organization within the geniculo-striate system [20, 21] , the absence of the retinotopic organization and the existence of an alternative coding mechanism of spatial visual information, also known as the distributed population code [4, [22] [23] [24] in the Sg and the CN. Retinotopically organized maps have been identified in the deepest layers of the SC; however, it is noteworthy that these maps are lost in SG through a strong convergence of tecto-thalamo fibers in the Sg [25] . Properties of the spatio-temporal spectral receptive field for the two separate visual systems are also different. In the geniculo-striate system there are neurons along the X-pathway that respond to high spatial and low temporal frequencies whereas other neurons building up the Y-pathway, respond to low spatial and high temporal frequencies. It was also found that both populations exhibit broad temporal and spatial frequency tuning [26, 27] . The neurons of different structures of the ascending tectofugal system (i.e. in the SC, the Sg of the posterior thalamus, the visual associative cortex along the anterior ectosylvian cortex (AES cortex) and the caudate nucleus (CN) neurons) prefer low spatial and high temporal frequencies and display narrow spatial and temporal frequency tuning [19, [28] [29] [30] [31] .
In spite of the fact that the spatio-temporal spectral response properties of each of the different structures in the ascending tectofugal system are known (see above), no study, to our knowledge, has focused on the comparison of the spatio-temporal spectral receptive field properties of the SC, Sg and CN neurons. In this study we are interested in whether the neurons in the SC, Sg and CN structures serve as a possible subcortical loop that transmits the sensory information to the basal ganglia possess different spatio-temporal spectral visual properties or if theymake up a homogenous population of visually active neurons, according to their spatio-temporal response profiles. Presented here is an exploratory study to test this hypothesis.
Experimental Procedures

Animal preparation and surgery
The experiments were performed on fifteen adult cats of either sex, weighing between 2.5-4 kg. All experimental procedures were carried out to minimize the number of the animals involved and followed the European Communities Council Directive of 24 November 1986 (86 609 EEC) and the National Institute of Health guidelines for the care and use of animals for experimental procedures. The experimental protocol had been accepted and approved by the Ethics Committee for Animal Research of Albert Szent-Györgyi Medical and Pharmaceutical Center of the University of Szeged.
The animals were initially anesthetized with ketamine hydrochloride (Calypsol, 30 mg/kg i.m.). To reduced salivation and bronchial secretion a subcutaneous injection of 0.2 ml 0.1% atropine sulphate was administered preoperatively. After the cannulation of the femoral vein and the trachea, the animals were placed in a stereotaxic headholder. All wounds and pressure points were treated generously with local anesthetic (1%, procaine hydrochloride). Throughout the surgery the anesthesia was continued with halothane (Fluothane, 1.6%) in air. The animals were immobilized with an initial 2 ml intravenous bolus of gallamine triethiodide (Flaxedil, 20 mg/kg), and artificial ventillation was introduced. During recording sessions, a liquid containing gallamine triethiodide (8 mg/kg/h), glucose (10 mg/kg/h) and dextran (50 mg/kg/h) in Ringer lactate solution was infused continuously at a rate of 4 ml/h. The eye contralateral to the cortical recording site was treated locally with atropine sulfate (1-2 drops, 0.1%) and phenylephrine hydrochloride (1-2 drops, 10%) to dilate the pupils and block accommodation and to retract the nictitating membranes, respectively, and was equipped with a +2 diopter contact lens. The ipsilateral eye was covered during stimulation and recordings. During the recording session, anesthesia was maintained with a gaseous mixture of air and halothane (0.8-1.0%). The depth of anesthesia was monitored by continuously checking the end-tidal halothane values and by monitoring heart rate (electrocardiogram) and brain activity (electroencephalogram, EEG). By adjustment of the concentration of halothane, high-amplitude, slowfrequency EEG activity with sleep spindles could be kept up. We also checked repeatedly whether any of the experimental procedures or a forceful pressing of the forepaws could induce desynchronization. The minimum alveolar anesthetic concentration (MAC) values calculated from the end-tidal halothane readings were kept in the range given by Villeneuve and Casanova [32] . The end-tidal halothane concentration, MAC values and the peak expired CO 2 concentrations were monitored with a capnometer (Capnomac Ultima, Datex-Ohmeda, Inc.). The O 2 saturation of the capillary blood was monitored by pulse oxymetry. The peak expired CO 2 concentration was kept within the range 3.8-4.2% by adjustment of the respiratory rate or volume. The body temperature of the animal was maintained at 37°C by a warm-water heating blanket with an automatic control. The craniotomy was made with a dental drill to allow a vertical approach to the appropriate brain structures. The dura mater was covered with a 4% solution of 38°C agar dissolved in Ringer's solution.
Recording, visual stimulation and data analysis
Extracellular single-cell recordings were performed in the SC, the Sg and the CN with tungsten microelectrodes (A-M Systems, Inc., USA) with an impedance of 2-4 MΩ. Vertical penetrations were made within Horsley-Clarke coordinates anterior 1-4, lateral 2-6 in the stereotaxic depths from 11-15 in case of the SC, while, Sg single unit recording sites were between the co-ordinates anterior 4.5-6.5 and lateral 4-6.5 at the stereotaxic depth between 16-18. CN neurons were reached between the co-ordinates anterior 12-16 and lateral 4-6.5 at the stereotaxic depths between 12 and 19 mm.
Microelectrodes were advanced with a microstepper. Action potentials were conventionally amplified, displayed on an oscilloscope and transformed through a loudspeaker. The visual responsiveness of the neurons was tested and the extents of the visual receptive fields were estimated subjectively by listening to the responses of the single units to moving visual stimuli generated by a hand-held lamp. For visual stimulation we used an 18-inch computer monitor (refresh rate: 85 Hz) which was placed 42.9 cm in front of the animal. The diameter of the stimulation screen was 22.5 cm, therefore subtended 30 deg. The mean luminance of the screen was 23 cd/m 2 . To study the spatio-temporal characteristics of the cells, we used high contrast, drifting sinewave gratings. The contrast of the grating was held constant at 96%. Different parts of the grating had different luminance, but the screen as a whole was isoluminant during different spatiotemporal combinations. Each grating (the gratings were moved) has a particular spatial and temporal frequency. These parameters are not independent of each other. The spatial frequency and the speed of the movement determine the temporal frequency or the spatial and temporal frequencies that were used to calculate the real velocity of movement.
The pre-stimulus (a stationary sinusoidal grating) time and the peri-stimulus (a drifting sinusoidal grating) time was 1000 ms. Single-cell discrimination was preformed with the help of a spike-separator system (SPS-8701, Australia). Neuronal activity, the number and temporal distribution of the action potentials were recorded during stimulation, and stored as peristimulus time histograms (PSTHs) for further off-line analysis. The net discharge rate, calculated as the difference between the mean firing rate of the cell obtained during stimulus movement (peri-stimulus period) and the background activity corresponding to the mean activity during the 200-ms preceding movement in the prestimulus period, was used to characterize the response amplitude of the neurons. We define the net firing rate as a response when a t-test indicated a significant (P<0.05) difference between the two values. The spatial and temporal high-frequency cut-off was defined as the frequency at which the net response (after the subtraction of the spontaneous activity) of the cell fell to one-tenth of the maximum [33] [34] [35] . This was regarded as a measure of the spatial and temporal resolution. The spatial and temporal frequency tuning bandwidths measured at half-height of the spatial and temporal frequency-tuning curve of the band-pass units were also analyzed.
The spatial frequencies were changed between 0.025 to 0.95 c/deg. The temporal frequencies were investigated between 0.07 to 41.08 Hz. Altogether 110 spatio-temporal frequency combinations were presented to each investigated neuron in a random order. Each spatio-temporal frequency combination was presented at least 12 times. The interstimulus interval was 1000 ms. A large sample size limited analysis to include only the neuronal responses where the cells showed stable basal activity during the whole recording. Statistical analysis of the data were performed with the Statistica (StatSoft Inc., USA) and Matlab (MathWorks Inc., USA).
Histological control and, localisation of the recording sites
At the end of the recording session, the animals were deeply anaesthetized with an intravenous injection of sodium pentobarbital (Euthanyl, 200 mg/kg) and transcardially perfused with 500 ml of warm saline (37°C) followed by 1000 ml of a 4% solution of paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed, and the location of the successful electrode penetrations was examined histologically. The brains were cut into coronal sections of 50 μm and stained with Neutral Red. Recording sites were based on marks of electrode penetrations and/or electrolytic lesions.
Results
We 1-4643.9 ). Concerning the Sg and the CN, the receptive fields were significantly larger than those of both the SCs and SCi. The subjective estimation of the extent of the visual receptive fields revealed that they covered almost the whole visual field of the investigated eye and were consistently larger than 6000 deg 2 . No signs of retinotopic organization were found within the Sg and the CN.
Spatio-temporal response characteristics of neurons in the ascending tectofugal system
The neurons in each structure (SCs, SCi, Sg, CN) responded optimally to very low spatial and very high temporal frequencies, exhibited low spatial and temporal resolution and narrow spatial and temporal frequency tuning (Figure 1 ). The majority of the neurons showed low pass spatial frequency tuning with no or only a slight attenuation of the response at low spatial frequencies. Spatial band-pass units were also recorded but we couldn't record spatial high-pass units in the ascending tectofugal system. Furthermore the majority of the neurons showed band pass temporal frequency tuning with a clear optimal temporal frequency in the high temporal frequency domain. Temporal high-pass neurons were also found, but we recorded no temporal low-pass units in the SCs, SCi, Sg and the CN (for a more detailed description of the spatio-temporal properties of the SCs, SCi, Sg and the CN see our previous publications [28] [29] [30] [31] ).
Comparison of the spatio-temporal spectral response profiles in the ascending tectofugal system
We compared the spatio-temporal spectral receptive field properties of the SCs, the SCi, the F (3, 374) =16.376) . The post-hoc analysis showed that the mean optimal spatial frequency measured in the SCs proved to be significantly higher than that of the SCi (P=0.000019), the Sg (P=0.000008) and the CN (P=0.000008). In contrast, we found no significant difference (P>0.05) among the optimal spatial frequencies of the SCi, the Sg and the CN.
The mean spatial frequency bandwidth of the neurons having spatial band-pass characteristics was 1.84±0.15 octaves (N=35, range: 0.39-3.60 octaves) in the SCs, 1.06±0.56 octaves (N=24, range: 0.1-2.18 octaves) in the SCi, 1.07±0.69 octaves (N=41, range: 0.11-2.81 octaves) in the Sg and 1.31±0.76 octaves (N=15, range: 0.37-3.0 octaves) in the CN. Similarly to the optimal spatial frequency the summarized statistical analysis of the spatial frequency bandwidths revealed a significant difference among the investigated structures (P=0.00008, F (4, 236) =6.3167). The post-hoc analysis showed that the spatial frequency bandwidth of the bandpass neurons in the SCs was significantly higher than that of the SCi (P=0.003766), the Sg (P=0.000037) and the CN (p=0.006262). We found no significant difference (P>0.05) among the spatial frequency bandwidths of the SCi, the Sg and the CN.
The mean optimal temporal frequency was 6. The post-hoc analysis showed that the mean optimal temporal frequency in the SCs proved to be significantly lower than that of the SCi (P=0.023064), the Sg (P=0.0123403) and the CN (P=0.0384452). In contrast, we found no significant difference (P>0.05) among the optimal temporal frequencies of the SCi, the Sg and the CN.
The mean temporal frequency bandwidth of the neurons having temporal band-pass characteristics was 2.38±0.22 octaves (N=42, range: 0.40-5.90 octaves) in the SCs, 2.32±0.97 octaves (N=48, range 0.25-4.29 octaves) in the SCi, 1.66±1.37 octaves (N=73, range: 0.03-7.91 octaves) in the Sg and 1.38±1.0 octaves (N=55, range: 0.09-5.36 octaves) in the CN. Similarly to the optimal temporal frequency, the summarized statistical analysis of the temporal frequency bandwidths revealed a significant difference among the investigated structures (P=0.00000, F (4, 307) =13.797). The posthoc analysis showed that the temporal frequency tuning bandwidth of the neurons in the SCs and the SCi was not significantly different, but the temporal frequency bandwidths of both the SCs and the SCi neurons were significantly higher than that of the neurons in the Sg (P=0.000024 in case of the SCs and P=0.000024 in case of the SCi) and the CN (P=0.022821 in case of the SCs and p=0.029981 in case of the SCi). We found no significant difference (P>0.05) between the temporal frequency bandwidths of the Sg and the CN.
Discussion
In this study we sought to compare the spatio-temporal spectral receptive field properties of different subcortical structures, i.e. SCs, SCi, Sg and CN of the ascending tectofugal visual system. Earlier studies of our group on the Sg and the CN and earlier studies of our group and other research groups on the SCs and SCi established that the SCs, SCi, Sg and CN neurons respond optimally to low spatial frequencies, and exhibit low spatial resolution and low-pass spatial tuning. The temporal frequency properties of the SCs, SCi, Sg and CN are also similar. The neurons responded optimally to high temporal frequencies displayed high temporal frequency cut-off values and narrow temporal frequency tuning [28] [29] [30] [31] 36, 37] . These findings indicate that these neurons act as good spatio-temporal filters in the low spatial and high temporal frequency domain. The statistical analysis revealed that the spatio-temporal response properties of the SCs were significantly different from not only those of the SCi but the Sg and CN. SCs neurons prefer lower spatial and higher temporal frequencies than SCi, Sg and CN neurons. The spatial frequency tuning of the SCs is significant broader than that of the SCi, Sg and CN. In contrast the SCi, Sg and CN neurons showed statistically similar spatio-temporal response profiles. It means that the SCi, Sg and CN neurons prefer the same spatial and temporal frequencies and their spatial tuning is similarly narrow. This supports our hypothesis that the visually active SCi, Sg and CN neurons form a homogeneous neuronal population, concerning their spatio-temporal response profiles.
In contrast, the SC seems not to be an uniform structure of the midbrain. As concerning the physiological differences, the superficial SC layers respond exclusively to visual stimuli, while the deeper layers are multisensory, processing auditory and somatosensory information as well [38] . The superficial layers of the SC seem to play a role in the central processing of visual information [39] , e.g. visual attention and orientation behavior [40] . The intermediate and deep layers of the SC are regarded as important structures for the control of saccadic eye movements [7] and in cross-modal integration [38] . Besides being a crucial part of the oculomotor system, these layers are involved in the control of head movements [41, 42] and goal-directed arm movements [43] . Anatomical, physiological and functional differences between SCs and SCi the spatio-temporal properties of the SCs and SCi also show significant differences. Our results, together with earlier studies (see Introduction), suggest a functional relationship of the SCs to the geniculo-striate visual system, while the SCi is a part of the ascending tectofugal system [44, 45] that also provides the visual information to the associative cortical areas along the AES [19] (Figure 3) .
The same spatio-temporal frequency profiles of the SCi, Sg and the CN suggest a common role in visual information processing. What migth be the role of the ascending tectofugal system in visual information processing? The role would include the ascending tectofugal system in visual information processing bearing in mind the particular spatio-temporal spectral visual properties of the neurons in the SCi, Sg and CN. The visual information processing depends significantly upon the integration of spatial and temporal information. The sinusoidally modulated grating is an elementary component of the visual scene in the sense that any two-dimensional visual object can be represented by an appropriate combination of these gratings [36, 46] . Responses of neurons to drifting gratings of different spatial and temporal frequencies can be interpreted in terms of the dimensions and distribution of spatially and temporally summed excitatory and inhibitory components within their receptive fields [47, 48] . Thus, the analysis of the spatiotemporal filter properties can contribute to the understanding of the role of the ascending tectofugal system in visual information processing and related behavioral sensorimotor actions. The low spatial and high temporal frequency preference of the cells in the ascending tectofugal system suggests that it is strongly dominated by Y and W signals, and contradicts a significant role of the X signal in this system [29, 49] . The ascending tectofugal visual system can be involved in novelty detection and motion perception. In human vision, all motion detectors extend over a wide range of spatial frequencies, but does not seem to play a major role at high spatial frequencies [50] . All motion detectors are apparently fine-tuned for temporal and spatial frequencies [50] , the narrow tuning aiding the velocity detection and the analysis of the object in motion [51, 52] . We suggest that neurons in the SCi, Sg and CN with preferences for low spatial frequencies and with fine spatial and temporal tuning may have all the capacities necessary for perceiveing rapid changes of the environment and the analysis of the velocity of the movements. Thus, they may be regarded as possible anatomical and physiological correlates for the perception of self-motion. Therefore, we suggest that the ascending tectofugal system may play a role in recording movements of the visual environment relative to the body, and thus it may participate in the adjustment of motor behaviour in response to environmental challenges.
